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The integration of renewable energy sources is facilitated by TES because it enables the storage and release of
excess clean energy, which improves grid stability. In concentrating solar power plants (CSP), solar molten salt is
frequently used since it has some advantages such as good thermal properties. However, certain challenges, such
as molten salt corrosion, salt solidification, and high production costs, must be carefully considered. An alter-
native approach gaining attention involves the use of solid ceramic materials capable of withstanding high
temperatures as a potential TES medium without the molten salt drawbacks. Elevating the operating temperature
of power conversion processes while concurrently reducing capital costs is a strategic means to enhance the
competitiveness of these innovative power plants. This study explores the potential of volcanic ash, a low-cost
naturally occurring ceramic material, for TES. The evaluation revealed high-temperature stability up to
750 °C, slight mass gain but stable over time, elevated solar absorption, and excellent thermal and chemical

stability, even in the presence of molten salts.

1. Introduction

A potential answer to the world's energy issue of balancing energy
supply and demand is thermal energy storage (TES). During times of low
demand, excess clean energy can be stored and released later using TES
systems [1]. The International Energy Agency (IEA) [2] claims that TES
can increase grid stability and dependability while also being a cost-
effective solution to integrate renewable energy sources like solar and
wind power. By reducing the usage of thermal power plants that burn
fossil fuels to meet peak demand, TES can also contribute to producing
lower greenhouse gas emissions.

A solar power generation system, known as a Concentrated Solar
Power (CSP) tower plant, incorporates an energy storage system that
utilizes molten salts as both Thermal Energy Storage (TES) and heat
transfer fluid (HTF). This system uses heliostat mirrors to concentrate
solar energy, heating the HTF, which is then employed to generate
electricity by transferring the heat into a power block through a heat
exchanger. The heated molten salts can be stored for several hours,
enabling continuous electricity production even during periods without
sunlight, thereby avoiding the “duck effect” [3,4]. Typically, sodium
nitrate and potassium nitrate, which have high heat capacities and can
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be heated to temperatures over 400 °C, are combined to create one of the
molten salts used in CSP plants, known as solar salt (60:40 NaNOs:
KNOs3) [5,6]. The solar tower plant is recognized as one of the most
advanced and established configurations in the field of Concentrated
Solar Power (CSP) for large-scale solar power generation and storage. It
is currently utilized in several large-scale power plants worldwide, such
as the Crescent Dunes in Nevada, USA, and the Gemasolar Thermosolar
Plant in Seville, Spain, boasting thermal storage capacities of up to 10
and 15 h, respectively [7,8]. In many nations, including China, the
United Arab Emirates, Morocco, South Africa, the United States, and
Chile, numerous projects are now under construction, and more tower
CSP plants with heat storage systems are anticipated in the upcoming
years. Additionally, several projects using different solar power tech-
nology will be finished in the upcoming years [9].

Solid-state thermal storage utilizing concrete or solid particles [10] is
being studied as TES media. Some of these solid materials are affordable
and can potentially lower the amount of solar salt needed in the plant
and thus, lower the capital expense of CSP utilities [11]. These materials
are suitable for use in CSP due to their high thermal energy storage
density, which is comparable to molten salts [12]. Moreover, these
materials can withstand higher temperatures, rendering them suitable
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for use in CSP systems. Although sensible solid thermal energy storage
systems have a lower energy density in terms of kWh/m® compared to
other liquids, latent processes, or thermochemical processes, they are
currently more extensively studied and commercially developed [10].
Despite of this, solid particles are being considered as a good candidate
to work as a HTF and TES material for the next-generation CSP plants.
Increasing the operational temperature can result in a higher thermo-
dynamic efficiency [13]. Furthermore, using low-cost ceramic particles
instead of traditional molten salts can reduce capital and operational
costs of the plant.

By employing high-temperature particles, it is possible to raise the
maximum storage temperature, leading to an increase in the thermal-to-
electric efficiency of power cycles. Additionally, it allows for the utili-
zation of other HTF to achieve higher cycle efficiency at elevated tem-
peratures, such as supercritical CO;. The implementation of the
supercritical COy process, characterized by simpler machinery and a
compact size compared to other steam power cycles, has the potential to
reduce costs associated with system installation, maintenance, and
operation [14]. Currently, there are ongoing investigations and tests on
particle solar receivers, which are used to capture solar radiation from
the heliostat field. Unlike conventional receivers, particle receivers use
solid particles that are heated as they fall through a beam of concen-
trated sunlight [15]. It will be possible to increase the temperature of the
heat-transfer media to over 1000 °C by using ceramic particle materials
and this particle receiver technology. Solid particle in CSP technology
offers a potential solution to the challenges associated with the current
use of molten salts. Furthermore, the enhanced performance resulting
from energy conversion at higher temperatures and the considerably
lower cost of these particulate ceramics, particularly when obtained
from alternative or natural sources, have the potential to significantly
enhance the competitiveness of concentrated solar power plants [16].

When searching for natural rocks capable of withstanding high
temperatures for multiple cycles or having good contact with different
HTFs, numerous rock types have been investigated [17]. Several mineral
groups from different families of igneous, metamorphic, or sedimentary
rock have shown good stability at high temperatures over a considerable
number of cycles [18]. High temperature stability, high density, and
high heat capacity are some of the main properties required to be suit-
able as a thermal storage material. Another necessary property in the
case of particle solar receivers is having high solar absorptance [19].
Taking all these factors into consideration, an extrusive igneous rock
type such as volcanic rock can be of interest as a low-cost natural ma-
terial for use in concentrated solar power plants. After the volcanic
eruption on the island of La Palma, Canary Islands, Spain, that took
place in 2021, it was estimated that the volcanic activity expelled
around 200 Mm? of total pyroclastic in different flows [20]. This large
amount of rock waste was scattered across the island, making life
difficult for many people. After the 85 days of eruption, the rehabilita-
tion of areas led to the accumulation of enormous quantities of volcanic
rock waste, most of which are destined for civil engineering applica-
tions. However, due to the favourable temperature properties present in
igneous rocks [18], this material remains of great interest for studying
applications at high temperatures such as TES. A TES tank with volcanic
rock and air as HTF is already in operation since 2019 in the north of
Germany. The single 1.5 MW TES tank operated by Siemens Gamesa,
heat up the particles up to 800 °C and when is fully charged, the turbine
can generate electricity for 24 h [21].

A complete evaluation of volcanic ash particles was conducted to
provide insights into the materials aspect of high-temperature TES. To
achieve this, key properties necessary for the TES material were studied
for two purposes: (1) Utilizing volcanic ash as TES material in direct
contact with molten salts. This approach is considered feasible as the
technology involving the receiver and power block is well-established in
many existing CSP plants and planned for future projects [9]. While this
concept reduces the use of molten salts and associated challenges, it does
not eliminate them entirely. Conversely, (2) volcanic ash is also being
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considered for a Solid Particle Solar Receiver (SPSR) concept, where the
material captures heat in the receiver and transfers it to the TES tank.
Properties such as solar absorptance, high temperature stability, and
mechanical stability need to be considered for this strategy. Although
not as extensively researched as the conventional molten salt receiver,
the benefits associated with this concept, such as higher operational
temperatures contributing to better thermodynamic performance [13],
fewer compatibility issues, and reduced capital costs [15], make it an
interesting area for exploration.

A comprehensive assessment of volcanic ash for high-temperature
TES is the primary focus of the current study. A thermal cycling test,
ranging from 250 °C to 750 °C conducted 1000 times, is aimed at
pushing the material's integrity to the limit and detecting any changes.
Additionally, a compatibility test with molten salts has been completed
at 400 °C for 500 h, followed by a chemical and thermal comparison of
the molten salt to identify any alterations in its structure and properties.
Finally, optical and thermo-mechanical tests are conducted on the ma-
terial to evaluate all properties for integrating this natural waste in a
packed-bed configuration with a HTF in contact with the materials.

2. Materials and methodology
2.1. Materials

The volcanic ash obtained for this research was collected and pro-
vided by members of the Institute for Environmental Studies and Natural
Resources (I-UNAT) at the University of Las Palmas de Gran Canaria.
They gathered samples near El Paso village, situated on the western
flank of La Palma island's Cumbre Vieja rift zone in the Canary Islands,
Spain.

For a compatibility test with molten salts, Solar Salt was used since it
is the most common commercial thermal fluid used in concentrating
solar power plants. Solar Salt mixture consists of sodium nitrate and
potassium nitrate (60:40 wt% respectively). Both compounds were ob-
tained from the company Merck ACS reagent grade with a purity >99.5
%. The Solar Salt mixtures were obtained with the preparation of 60:40
weight percentage of sodium nitrate and potassium nitrate, respectively.

2.2. Thermal and compatibility tests

2.2.1. Thermal cycling test

To carry out this experiment, the thermal cycling test was conducted
by means of a specialized Carbolite-gero equipment, designed for the
Birmingham Centre for Energy Storage (BCES). This involves an auto-
mated cycling mechanism that transfers the sample into a high-
temperature zone and maintains it at the desired temperature for a
specific duration. Subsequently, the sample is relocated to a low-
temperature area for cooling. This cycle is repeated as many times as
necessary.

For the cycling test, a small round tablet made of volcanic ash was
fabricated using an automated press and a specific mould. The resulting
round tablet sample measured 3.81 mm in thickness and 12.7 mm in
diameter. The tablet underwent 1000 cycles, alternating between tem-
peratures of 250 °C and 750 °C in an air atmosphere. Each complete
cycle lasted 22 min, comprising 10 min of heating inside the furnace and
12 min in the lower-temperature zone using a fan for controlled cooling.

2.2.2. Compatibility test with molten salts

The compatibility test of Solar Salt and the volcanic ashes were
carried out under air atmosphere with an alumina crucible in an open
standard furnace. The test conditions consisted of an isotherm at 400 °C
for 500 h and the mixture of the materials was carried out at around
300 °C to avoid bubbling and the decomposition of some solids. Then a
heating ramp of 10 °C/min was applied until 400 °C. The choice of the
test temperature was based on the expected average operating temper-
ature of the materials in the intended application. After the test, the
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materials were separated with a metallic sieve with a mesh diameter of
0.5 mm and then dissolved in water and separated with a filter paper
with a retention size of 15-20 pm to separate the smaller particles.
Hence, after evaporating the water it only remains the solid particles and
a sample of solar salt that has been in contact with that solid. Finally, the
two samples of solar salt exposed at temperature were analysed. Solar
salt alone and the sample of solar salt in contact with the solid, both
were evaluated for the presence of [NO3] in order to evaluate the
degradation of the salt.

2.3. Characterization techniques

2.3.1. Physical evaluation

A physical characterization was performed by determining the
following aspects: the real density through the helium pycnometer
(Accu-Pyc 1330) and the particle size distribution (PSD) with a laser
diffraction particle size analyser (Beckman Coulter LSTM 13320), where
the results were analysed using Fraunhofer mathematical model, which
is used for opaque particles bigger than 30 um. Also, SEM images were
conclusive to evaluate the surface of the particles. A Hitachi TM3030
scanning electron microscope was used to obtain the surface and EDS
images before and after the thermal exposure.

2.3.2. Chemical evaluation

Chemical analysis consists of a major compounds' evaluation
through X-Ray Fluorescence, XRF (Panalytical Philips PW 2400). Then a
crystalline phase's determination of the materials had been completed
with a powder X-Ray diffraction, XRD, equipment (Bruker D8). A
comparison of XRD patterns was also made with the different samples
before and after the thermal cycle. Conversely, to check the compati-
bility with Solar Salt, a UV-Vis spectroscopy evaluation was carried out
to quantify the [NO; ] concentration in the Solar Salt after the thermal
exposure with the volcanic ashes. A UV-Vis spectrophotometer Shi-
madzu UV-1280 was used for the characterization. Since the [NO; ]
formation is the first reaction that will lead to a degradation of the salt
[22], a quantification of the [NO; ] formation is a key indicator of Solar
Salt/solid compatibility. To quantify the [NO,] concentration in the
pure Solar Salt and the Sola Salt that has been in contact with volcanic
ash after thermal exposure, a calibration should be completed with
different [NO; ] concentrations. The indirect method used to quantify
the nitrite concentration was already used by Svobodova-Sedlackova,
et al. [23] for the determination of [NO,] in NaNO3 mixtures with
nanoparticles. The UV-Vis absorption spectra were performed with
NaNO3/NaNO, mixtures at 0.3 M for a NaNO, concentration of 1 wt%,
2 wt%, 3 wt%, 4 wt%, and 5 wt%. The absorption peaks for [NO; ] and
[NO;] were detected at 354 nm and 300 nm, respectively. Fig. 1(a)
depicts the increase of nitrite peak intensity with NaNOy concentration.
Also, the absorbance of nitrite peaks as a function of concentration,
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Fig. 1(b), shows a linear trend with R = 0.998, intersection = 0.0024 +
0.0062 and slope = 0.0722 + 0.0019, with a good accuracy, ¢ =

+0.0059.

2.3.3. Thermal evaluation

A thermogravimetric analysis (TGA) was conducted up to 750 °C to
evaluate changes in the solid particles. Also, a differential scanning
calorimetry (DSC) analysis was carried out in a single sample through a
simultaneous thermal analysis, STA, (STA 449 F3 Jupiter Netzsch)
equipment at the University of Birmingham. Both analyses were con-
ducted in air atmosphere with a heating ramp of 10 °C/min in a powder
form and a mass of around 50 mg in a Pt crucible. The specific heat
capacity of the sample at 300 °C and 750 °C under air atmosphere was
calculated following the methodology for specific heat capacity deter-
mination of materials for thermal energy storage described by Ferrer
et al. [24].

Thermal conductivity of the volcanic ash sample was calculated with
a Laser Flash, LFA, (LFA 427 Netzsch) at the University of Birmingham.
A round tablet of 2 cm of diameter and 1.3 mm of thickness was created
to conduct the evaluation. The thermal diffusivity of the sample will be
determined by the equipment as expressed in Eq. (1), where I is the
sample thickness and tg 5 is the time at 50 % of the temperature increase.
Then, thermal conductivity of the sample can be calculated with the
equation expressed in Eq. (2), where A is the thermal conductivity, a is
the thermal diffusivity obtained experimentally, C, the heat capacity of
the material and p the bulk density of the sample. This principle was
obtained from the LFA equipment manual for thermal conductivity
determination.
a=0.1388 ﬁ

fos

@

A=aCyp 2
2.3.4. Optical evaluation

The calculation of solar absorption was done with a UV-Vis spec-
trophotometer with an integrating sphere. The test covered from 250 nm
to 2500 nm with a step of 5 nm. The sample-holder was built with a
sapphire window and then, with an optical model for window correc-
tions, the influence of the sapphire glass was eliminated. The correction
method used assumed a flat angular behaviour, where the simplest
approach is to suppose that transmittance (z,) and reflectance (p,,) of
the sapphire window is approximately the same that window trans-
mittance ({r,}) and reflectance ({p,,}) averaged over the reflection/
diffusion angle. So, the reflectance of the solids (Rs) can be calculated as
Eq. (3) [25]:
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Fig. 1. UV-Vis spectra of 0.3 M NaNO3-NaNO, solution. a) Evolution of nitrite peak with the concentration of NaNO, {1 wt%, 2 wt%, 3 wt%, 4 wt%, 5 wt%}and, b)
linear relation of light absorption and the concentration of nitrites at a wavelength of 354 nm.
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where (p, ) is the overall hemispherical reflectance spectrum of the
specimen measured through the window. Once the absorbance mea-
surements were done, a trapezoidal integration was performed and
weighted concerning the solar spectrum AM 1.5 to obtain the solar
absorbance value for the whole range (250-2500 nm) [26].

2.3.5. Mechanical testing

A Thermo-Mechanical Analyser (TMA 450, TA Instruments) was
used to obtain the coefficient of thermal expansion (CTE) for different
temperature ranges of the volcanic ash sample. The total temperature
range extended from 50 to 750 °C with a heating rate of 5 °C/min, using
an expansion probe and a tablet of 2 cm of diameter and 1.3 mm of
thickness. The temperature intervals chosen for CTE determination were
from 50 °C to 275 °C, from 275 °C to 500 °C, and from 500 °C up to
725 °C.

3. Results
3.1. Materials and samples

The material under study is presented in Fig. 2. The volcanic ash
material as received, Fig. 2(a), the alumina crucibles used for the
compatibility between the volcanic ash and Solar Salt, Fig. 2(b), the
round tablet of volcanic ash for the thermal cycling test before (Fig. 2(c))
and, after the cycling test, Fig. 1(d).

3.2. Physical evaluation

The real density of volcanic ash sample was evaluated as received in
dust form with a helium pycnometer. The obtained real density was 2.41
+ 0.01 g/cm3. Also, a tablet with of 3.81 mm in thickness, 12.7 mm of
diameter and a mass of 0.99 g, was created to conduct the thermal
cycling evaluation. The bulk density variation of the tablet before and
after the cycling are reported in Table 1.

The PSD evaluation showed a normal distribution in volume per-
centage (vol%) of particles with a dgg of 250 pm, Fig. 3. However, a large
number of fine particles were detected. 99.65 % of the particles are
below 100 pm and only 0.35 % of the particles are between 100 pm and
600 pm.

In the SEM images presented in Fig. 4, it can be seen the shape and
roughness of the volcanic ash particles after a first sieving to avoid the
excess of fines. Also, an EDS elemental quantification was done with
some particles to identify some inclusions observed on the surface of the
particles. The surface of the particles has been observed before and after
the thermal cycling. In Fig. 4(a), it can be observed the average particle
shape, a detailed image of a particle and an EDS elemental identification
of the volcanic ash sample as received. Fig. 4(b), shows the SEM images
after the 1000 cycles between 250 °C and 750 °C. At first sight, we can

b)

a)

T
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Table 1
Bulk density of volcanic ash before and after thermal cycling between 300 °C
and 750 °C for 1000 cycles.

As received After 1000 cycles

Bulk density (g/cm®) 2.06 + 0.02 2.02 + 0.02

notice some cracks in the surface of many particles, a detailed view of
the crack is presented at the same figure. This is probably due to the
thermal shock experimented during the cycles. The thermal losses
associated with a thermal front featuring high temperature differences
will be significant due to the dissipation process, potentially affecting
the mechanical integrity of the solids. However, while the thermal shock
effect during operation in a cycling mode could be mitigated, it may still
be present during the initial phases [27]. Additionally, various particle
agglomerations are observed around the larger particles. This agglom-
eration of aggregates may be attributed to some sintering process at high
temperatures.

3.3. Chemical evaluation

As evaluated by J. Manosa et al. [28], the volcanic ash are alkaline
mafic rocks classified as basanites with similar compositions to those
reported on lavas of the 2021 Tajogaite eruption [29] and, with a
comparable chemical composition with the volcanic ash collected from
other mafic alkaline volcanic eruptions worldwide.

The evaluation through XRF can be observed in Table 2 where the
percentage of major compounds in a sample of volcanic ash are pre-
sented. It can be observed a significant presence of SiOj, as well as
Fey03, Al;03 and CaO in a smaller but significant percentage. In a lesser
percentage, MgO, TiO,, Naj0O, K50, P,Os and MnO have also been
detected.

XRD diffractograms before and after thermal cycling of the volcanic
ash are shown in Fig. 5. Different families of silicates, such as diopside
((Ca,Mg)Siz0¢), anorthite ((Ca, Aly)Si2Og), and olivine (Mg 727Feq 273
SiO4) has been identified. In addition, a relevant amorphous content can
be expected due to the fast cooling that the material experimented
during the eruption. In the sample before the thermal cycling, Fig. 5(a),
Diopside and anorthite minerals has the majoritarian crystalline phases
that conforms the volcanic ash. Minor crystallographic phases as
metallic oxides such magnetite (Fe304) and titanomagnetite
(Fey.25Tig.7504) have been also detected. After the cycling test, Fig. 5(b),
a second crystallographic determination was done to evaluate the
possible changes in the sample. The associated peaks to magnetite were
transformed into hematite (Fe;O3), in accordance with the reported by
[30] in this temperature range and the reddish color observed after the
thermal cycling, which is characteristic to the mineral hematite (Fig. 2
(d)). As a result, a slight increase in mass is anticipated due to the
oxidation of iron compounds. This is validated by the TGA analysis
presented in Table 4, indicating a noticeable mass gain during the initial
thermal exposure. Otherwise, the peaks associated with the

&

Fig. 2. a) Sample of volcanic ash as received, b) alumina crucibles with molten Solar Salt (right) and molten Solar Salt in contact with volcanic ash (left), c) tablet of
volcanic ash created for the cycling evaluation before the cycling and, d) after 1000 cycles between 250 °C-750 °C.
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Fig. 3. PSD distribution of volcanic ashes as received expressed in a volume percentage (vol%).

titanomagnetite phase remain unaltered in our sample, suggesting a lack
of observable modifications. According to the study documented in [31],
titanomagnetite has the potential to transform, oxidizing into ilmenite
(FeTiO3) and further progressing from ilmenite to rutile (TiO,) at tem-
peratures below 850 °C. Despite the presence of a small amount of
titanomagnetite in our sample, specific alterations related to these
transitions are not prominently evident. While the temperature range in
our testing methodology might initiate these reactions, our findings
have not detected such transformations.

With the linear equation presented in Fig. 1(b), is it possible to
quantify the nitrite percentage of the Solar Salt and Solar Salt in contact
with volcanic ash samples. Results of UV-Vis spectra of 0.3 M solution
for Solar Salt alone and Solar Salt in contact with volcanic ash (after the
thermal exposure) are presented in Fig. 6. Also, the UV-Vis spectra
calculation results of [NO;] concentration are shown in Table 3. The
calculations of [NO;] concentration at the main absorption peak of
[NO;] are certainly similar, however a slight difference in nitrite con-
centration can be spotted.

After the thermal cycling, the Solar Salt sample in contact with
volcanic ash shows an increase in nitrite concentration of over 0.48 %,
compared to the 0.17 % of the pure Solar Salt sample. Therefore, the
results indicate that the presence of volcanic ash in Solar Salt tends to
influence the formation of nitrites, serving as a catalyst for the decom-
position reaction. Although nitrite formation naturally occurs due to the
influence of oxygen within the specified temperature range [32], the
presence of certain compounds in the volcanic ash sample can accelerate
the reduction of nitrates to nitrites.

3.4. Thermal evaluation

Thermal stability in terms of mass variation (%), specific heat ca-
pacity, thermal conductivity and thermal diffusivity of volcanic ash are
reported in Table 4. The thermal evaluation was done at 300 °C and
750 °C to evaluate the stability in this temperature range. Also, values at
the first and second temperature cycle and after the thermal cycling test,
were determined. An increase in mass was detected after the first cycle,

likely due to the oxidation of iron compounds. Additionally, a reddish
color appeared in the sample after thermal exposure. This mass variation
remained constant throughout subsequent thermal cycles. The specific
heat capacity experienced a slight reduction after the cycles; however,
the variation is not significant and falls within the measurement error
range. Similarly, thermal conductivity increased with temperature
compared to values before thermal exposure, correlating with the spe-
cific heat capacity. The calculated thermal diffusivity showed an in-
crease from values before to after the treatment, also dependent on
temperature.

Related to the compatibility of the volcanic ash and molten salts, a
thermal evaluation of Solar Salt as received and Solar Salt that has been
in contact with volcanic ashes for 500 h at 400 °C, are presented in
Table 5. A slight change in specific heat capacity is detected in the
sample of Solar Salt in contact with volcanic ash. However, the variation
of all thermal properties and melting point of the sample remained
almost invariant after the compatibility test. The decrease in the
enthalpy heat of fusion and the melting point of Solar Salt with
increasing nitrite concentration has been reported in several articles
[33-35]. However, the nitrite concentration calculated in the chemical
evaluation of the salts does not show a significant increase of nitrites in
the solar salt sample in contact with volcanic ashes.

3.5. Optical evaluation

The ratio of solar absorptance is the fraction of the total incident
solar radiation that is absorbed by the material, with the remainder
being reflected. In Fig. 7, the solar absorptance detected with the sap-
phire window correction applied is presented. The averaged solar
spectrum absorptance of the volcanic ash sample was 85.19 %. This
value was obtained by means of a trapezoidal integration of all solar
spectrum wavelength and weighted following the solar spectrum AM
1.5. The obtained value aligns with similar studies on ceramic particles
intended for a direct-use in CSP plants, showing solar absorptance
ranging between 85 and 90 % [26]. Nevertheless, a comprehensive,
long-term characterization is necessary to assess any changes in
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S00x

70 pmi

Fig. 4. SEM and EDS images of: a) volcanic ash as received at 100x and b) 500x of magnitude with c¢) EDS analysis, and, d) volcanic ash after thermal cycling test:
1000 cycles between 250 °C and 750 °C, at 100x, €) 500x and f) EDS analysis.

Table 2

Main chemical composition of volcanic ash sample determined by XRF.
Major compounds SiOy Fe,03 Al,O3 CaO MgO TiOy Na,O K20 P,05 MnO
wt% 43.7 13.6 13.2 11.6 8.5 3.7 3.3 1.4 0.8 0.2

absorptance over time.
3.6. Mechanical testing

The CTE of the volcanic ash and the percentage of change in all
temperature ranges selected are presented in Table 6. Also, a compari-
son with different materials typically found in TES tank components is
reported. The temperature variation in all intervals was 225 °C, and the
percentage of change and CTE increases with temperature. It's notice-
able that the CTE of volcanic ash is closer to that of Inconel 600,
particularly at high temperatures, but significantly different from the
values of AISI 347 stainless steel. To prevent potential structural issues
in the tank over multiple cycles, the CTE values of the metal components
should closely align with those of the ceramic particles. Considering
these findings, the utilization of Inconel 600 seems more suitable for
applications involving solid particle materials.

3.7. Comparative analysis of the proposed TES material: Solar salt and
commercial solid particles

The utilization of volcanic ash as a TESM while employing solar salt
as the HTF could offer economic, environmental, and long-term stability
benefits. When comparing the energy density calculated of volcanic ash
(2.28 J/cm®) with the average energy density of solar salt at 400 °C
(2.81J, /cm?’), it is observed that replacing solar salt with volcanic ash to
achieve the same storage capacity would require a greater amount of
material in the tank. However, the degradation of solar salt with tem-
perature and the compatibility issues with other elements in the plant,
will be avoided. This substitution would mitigate the chemical changes
in solar salt with temperature [22], thus ensuring long-term stability.
The degradation of solar salt due to temperature leads to a reduction in
its specific heat capacity through the formation of [NO3 ]. Consequently,
implementing a packed-bed configuration with volcanic ash could not
only benefit long-term stability but also lead to economic improvement
due to the low cost of volcanic ash and environmental benefits by
repurposing this waste material.
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In contrast, the SPSR currently under testing employ sintered
ceramic materials possessing ideal characteristics in terms of
morphology, chemical, and thermal stability. Utilizing low-cost, ther-
mally stable, and chemically inert ceramic could enhance the competi-
tiveness of these plants by reducing capital costs, especially given the
high cost associated with current solid particle materials [38].

BN
=] Table 3
S UV-Vis spectra calculation results of [NO5] presence in solar salt samples.
8 Samples Abs. peak at 354 Calculation of [NO, ] concentration in
=)
= nm (a.u.) the sample (wt%)
o
O 1 b Solar salt 0.0103 + 0.0002 0.175 + 0.002
" Solar salt/ 0.0322 £+ 0.0002 0.479 + 0.002
volcanic ash
* +
7 o I+ Table 4
4 4 % Thermal characterization of volcanic ash. Thermal stability, specific heat ca-
i a4 4 pacity, thermal conductivity and thermal diffusivity at 1st, 2nd and 1000 ther-
. N vo mal cycles.
sa‘ ® Volcanic ash 1st cycle 2nd cycle 1000
7] " X g ® M cycles
\‘J \‘« m Mass variation (%) 0.57 0.03 0.03
T Specific heat capacity at 300 °C (J/ 0.95 + 0.94 + 0.90 +
g-°C) 0.02 0.03 0.01
Specific heat capacity at 750 °C (J/ 1.13 + 1.20 + 1.01 +
T T T T T T T T T T T T g-°C) 0.04 0.05 0.04
20 30 40 50 60 70 80 Thermal conductivity at 300 °C (W/ 0.36 + - 0.58 £
. o m-°C) 0.01 0.01
Position (°26) Thermal conductivity at 750 °C (W/ 0.43 + - 0.61 +
Fig. 5. XRD peak identification and ison of volcanic ash a) after thermal m-°C) 001 0.02
1g.. . peak identification an COI'I‘lpaI‘lSOl‘l of volcanic ash a) after therma Thermal diffusivity at 300 °C (mm%/s) ~ 0.18 + B 0.31 &
cycling and b) before thermal cycling of 1000 cycles between 250 °C 0.01 0.01
and 750 °C. Thermal diffusivity at 750 °C (mm?>/s)  0.17 + - 0.29 +
0.01 0.02
2.5
2.0 — Solar Salt
| — Solar salt / Volcanic Ash
=
=
8 1.5+
Q
Q
=) J
<
e
2 1.0+ 354 nm
<
0.5 1
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300 320 340 360 380 400
Wavelenght (nm)

Fig. 6. UV-Vis spectra of 0.3 M solution for Solar Salt and Solar Salt/volcanic ash combination.
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Table 5

Specific heat capacity, enthalpy heat of fusion and melting point of solar salt at
initial conditions and solar salt and solar salt in contact with volcanic ash after
thermal contact at 400 °C for 500 h.

Solar salt in contact with Cp, 400 °C (J/ AHg,s (J/8) Melting point

volcanic ash g-°C) Q)
Solar salt 1.54 £ 0.01 111.24 + 226.01 + 0.01
0.01
Solar salt + volcanic ash 1.51 + 0.01 110.69 + 223.60 + 0.01
0.01
Solar salt initial 1.56 £ 0.01 113.60 + 227.75 £ 0.01
0.01
1.00
0.95
" J
S 0904
]
s J
2 0854
s o4
kS
8 080+
0.754
0.70 — 7T T T T r T T 1T T T T T T T
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelenght (nm)

Fig. 7. Solar absorptance results of volcanic ashes in all solar spectrum from
250 nm to 2500 nm.

Table 6

CTE at different temperature ranges of volcanic ashes and its percentage of
change in the same temperature range. CTE of stainless steel AISI 347 and
Inconel 600 are also reported.

Volcanic CTE Change CTE (107°°C™!)  CTE (107%°C™)
ash 107%°c™ (%) of AISI 347 [36]  of Inconel 600
[37]
From50°C  8.99+0.90  0.15 17.27 12.30
to 275 °C
From 12.59 + 0.19 19.40 13.95
275°Cto  0.19
500 °C
From 15.24 + 0.26 20.76 15.65
500°Cto  2.95
725 °C

4. Conclusion

A comprehensive assessment investigated volcanic ashes from La
Palma Island's 2021 eruption for high-temperature thermal storage up to
750 °C. The ashes exhibited silicate families, including diopside, anor-
thite, and olivine in XRD evaluation. Thermal cycling retained the
structure but oxidized metallic oxides, shifting from magnetite to he-
matite, causing a 0.54 % mass gain. Optical properties showed 85 %
solar absorptance, crucial for open receiver technology. Volcanic ash
displayed a thermal expansion similar to metallic alloys in thermal en-
ergy storage tanks. SEM images indicated particle cracking and surface
formations post-thermal cycling.

Solar salt in contact with volcanic ash showed no unusual nitrite
formation, maintaining its thermal properties. UV-Vis spectroscopy
quantified nitrites, useful for monitoring solar salt degradation. Nitrite
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formation marks the initial stage of solar salt degradation, eventually
forming alkaline oxides.

Thereby, volcanic ash from La Palma Island has huge potential to be
an alternative and sustainable material to be applied as TES field and to
explore its potential.

In conclusion, the evaluated volcanic ash exhibits promising prop-
erties for high-temperature Thermal Energy Storage (TES) applications,
offering cost-effective solutions and potential energy storage savings.
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